Background: Rasal2 has diametric effects on progression of oestrogen receptor-positive (ER+) and -negative (ERÀ) breast cancers. The relevant causes are unknown. It is also unknown whether the effects of Rasal2 are mediated by an exosome-transport process. Methods: Exosomes were purified from breast cancer cells and identified by transmission electron microscopy and flow cytometry analysis. In vivo and in vitro experiments were conducted to investigate the role of Rasal2 in exosome-mediated breast cancer progression. Western blot analysis was performed to detect Rasal2 and p-Rasal2 (phosphorylated Rasal2) expression in ER+/ERÀ breast cancer cells and in exosomes, cancer tissues and blood of patients with ER+ or ERÀ breast cancer. Findings: Phosphorylation of Rasal2 at Serine 237 promoted tumour growth in both ER+ and ERÀ tumour cells and tissues. The functions of both p-Rasal2 and non-p-Rasal2 (non-phosphorylated-Rasal2) in the modulation of breast cancer progression are exosome-mediated. p-Rasal2 expression in ER+ breast cancer cells and exosomes, cancer tissues and blood was significantly lower than in ERÀ tumour cells and patients. Interpretation: p-Rasal2 facilitates tumour progression in both ER+ and ERÀ breast cancers. The ratio of p-Rasal2/non-p-Rasal2 in ER+ and ERÀ breast cancers is one of the factors deciding the role of Rasal2 (or total Rasal2) as a suppressor in ER+ breast cancers or as a promoter in ERÀ breast cancers. Targeting the phosphorylation of Rasal2 machinery may therefore be useful as a therapy to restrain breast cancer progression by reducing p-Rasal2/non-p-Rasal2 ratio, especially in ERÀ breast cancers. Fund: NSFC and Hong Kong Research Grants Council.
Introduction
Breast cancer is one of the most common malignancies in women worldwide and remains the top cause of cancer death in females [1, 2] . Transcriptional profiling studies demonstrate that breast cancer is an extremely heterogeneous disease, comprising a number of different subtypes [3À5]. However, the molecular basis of different types of breast cancers remain poorly understood. A better mechanistic understanding of the signals that drive the progression of breast cancer would not only help identify individuals who could benefit from additional up-front adjuvant treatment, but might also provide insight into new therapeutic strategies [6] .
Rasal2, which encodes a RAS-GTPase-activating protein (RAS-GAP), has been demonstrated to function as a tumour and metastasis suppressor in luminal breast cancers [6, 7] which are typically oestrogen receptor-positive (ER+) and represent the majority of breast cancers [6, 8] . Additional findings reveal that Rasal2 plays the same role ininhibiting bladder cancer [9] , renal cell carcinoma [10] and ovarian cancer progression [11] . As opposed to its role in luminal breast cancers (ER+), however, Rasal2 is found to be oncogenic in triple-negative or oestrogen receptor-negative (ERÀ) breast cancers (TNBC) which have a high incidence of early relapse and metastasis [12] . The oncogenic role of Rasal2 has also been found in colorectal cancer [13] . The relevant causes of why Rasal2 plays diametrical effects in ER + and ERÀbreast cancers are unknown. We hypothesized that the phosphorylated Rasal2 might play a completely different role from Rasal2 or non-phosphorylated Rasal2 in breast cancer progression because reversible phosphorylation has been demonstrated to be a widespread molecular mechanism to regulate the function of cellular proteins [14, 15] . Studies on the role of phosphorylated Rasal2 in breast cancer progression should be able to provide key insights into answering to the question of why Rasal2 plays diametrical effects in ER+ and ERÀ breast cancers.
It is also unknown whether the effects of Rasal2 on tumour growth, progression, and metastasis are mediated by an exosometransport process. Growing evidence points to exosomes as key mediators of cell-cell communication, transferring their specific cargo (e.g., proteins, lipids, DNA and RNA molecules) from producing to receiving cells [16À18] . A number studies have found that the cancer-derived exosomes are important mediators of metastasis, angiogenesis and the tumour macro-/micro-environment [19À21] . These findings led us to speculate that Rasal2 affects breast cancer progression via exosome-transport.
The in vitro, in vivo and in patient experiments of the present study were designed to test these two hypotheses. We demonstrated for the first time that the phosphorylation of Rasal2 at S237 in PH domain facilitates tumour progression in both ER+ and ERÀ breast cancers. Our findings support the hypothesis that the difference in the ratio of p-Rasal2/non-p-Rasal2 (non-phosphorylated-Rasal2) in ER+ (< 1, p-Rasal2 expression is less than non-p-Rasal2 expression) and ERÀ (> 1, p-Rasal2 expression is more than non-p-Rasal2 expression) breast cancers is one of the factors deciding the role of Rasal2 (or total Rasal2) as a suppressor in ER+ breast cancers and a promoter in ERÀ breast cancers. We also provide evidence that the functions of both p-Rasal2 and non-p-Rasal2 in the modulation of breast cancer progression are exosome-mediated.
Materials and methods

Cell lines, animals and specimens
MDA-MB-231 (ATCC Cat# CRM-HTB-26, RRID:CVCL_0062) and MCF-7 (ATCC Cat# CRL-12584, RRID:CVCL_0031) cells, both obtained from the American Type Culture Collection, were maintained in RPMI-1640 and DMEM containing 10% foetal bovine serum (FBS) respectively. Female Balb/c nude mice (4À6-week-old, Sino-British SIPPR/BK Lab, Animal Ltd, China) were used for xenografts experiment. The use and care of experimental animals was approved by the Institutional Animal Care and Use Committee (IACUC), Roche R & D Centre, Shanghai, China. Cancer tissues and adjacent normal tissues were obtained from 20 pairs of patients with ER+ or ERÀ breast cancers. Whole blood (1À1.5 mL) was collected from 10 patients with ER+ or ERÀ breast cancers and 10 healthy controls, and then centrifuged at 3000 g for 10 min. The supernatant was stored at À80°C. Information on all the patients was provided by the Fudan University Affiliated Tumour Hospital.
Reagents
Unless otherwise stated, all chemicals were obtained from the Sigma Chemical Company, St. Louis, MO, USA. Exosome-Human CD63 Isolation/Detection Reagent was purchased from Invitrogen, Carlsbad, CA, USA; anti-E-cadherin (BD Biosciences Cat# 560061, RRID:AB_1645347) from BD Biosciences, Franklin Lakes, NJ, USA; anti-Rasal2 (Novus Cat# NBP1-19149, RRID:AB_2284853) from NOVUS Biologicals, Colorado, USA; anti-Myc from Santa Cruz Biotechnology, Delaware, USA; anti-CD63 (Abcam Cat# ab59479, RRID:AB_940915) and pp2cb (Abcam Cat# ab58146, RRID:AB_944952) from Abcam, Cambridge, MA, USA; the antibodies against vimentin (Cell Signalling Technology Cat# 3295, RRID:AB_2216129), against ERK (extracellular signal-regulated kinase)(Cell Signalling Technology Cat# 9107, RRID: AB_10695739), phospho-ERK (p-ERK)(Cell Signalling Technology Cat# 9101, RRID:AB_331646), snail (Cell Signalling Technology Cat# 3895, RRID:AB_2191759), MEK (Mitogen-activated extracellular signal-regulated kinase) (Cell Signalling Technology Cat# 9122, RRID:AB_823567), phospho-MEK (p-MEK)(Cell Signalling Technology Cat# 9120, RRID: AB_330745) from Cell Signalling Technology, Beverly, MA, USA. Rasal2 S237 phospho-specific antibody was produced by Youke Biosciences, Shanghai, China. All of the secondary antibodies were purchased from Jackson Immuno Research, West Grove, PA, USA, except PE Goat antimouse secondary antibody which was obtained from Biolegend, California, USA.
Construction of stable Rasal2 knockout (KO) cell lines by crispr/cas9 technique and establishment of Rasal2 S237D and S237A mutant by transfection
Rasal2 KO cell lines were generated by using a lentiCRISPRv2-sgRNA-RASAL2 plasmid (5 0 -CCTGAGATACTCCGTCTACG-3 0 ) purchased from Addgene, Cambridge, MA, USA. Empty vector was transfected into cells as control (CT). Stable cell lines were established by selection with puromycin. Myc-Rasal2 (WT, S237D, S237A) plasmids were transfected into Rasal2 KO cells. Stable cell lines were established by choice with geneticin (G418).
Conditional medium (CM)
Conditional medium (CM) or exosome-depleted medium was prepared as described by Takasugi et al. [22] . In brief, the serum was
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Targeting the phosphorylation of Rasal2 machinery may therefore be useful as a therapy to restrain breast cancer progression by reducing p-Rasal2/non-p-Rasal2 ratio, especially in ERÀbreast cancers. centrifuged at 100,000 g for 16-h. The supernatant was filtered through a 0.22-mm filter (Merck Millipore, Billerica, USA), and then was diluted with a medium supplemented with all the nutrients and antibiotics to reach about 10% FBS concentration. The ultracentrifugation was done in polycarbonate tubes with a P70AT fixed-anglerotor.
Exosome purification
Exosomes were purified from the cell culture supernatant as described by Mo et al. [23] . In brief, CM was first treated at 300 g for 10-min to remove cells, and then centrifuged at 2000 g for 20-min to remove dead cells. The debris in the medium were removed by centrifugation at 10,000 g for 30-min, the supernatant was then subjected to ultracentrifugation at 100,000 g for 70-min. The pelleted EVs were re-suspended in PBS and centrifuged again at 100,000 g for 70-min. All centrifugations were carried out at 4°C.
Transmissionelectron microscopy
For transmission electron microscopy (TEM), purified exosomes from cells were re-suspended in PBS and imaged as detailed by Jia et al. [24] . Briefly, EV samples were added onto formvar coated copper grids for 2-min, then washed in ultrapure water and negatively stained with 2% phosphotungstic acid (PTA). The samples were visualised using a Phillip CM120 transmission electron microscope (Eindhoven, The Netherlands) and photographed by a Gatan CCD camera (Gatan, Pleasanton, CA).
Dynamic light scattering
The size distribution of exosomes was determined by dynamic light scattering (DLS) on a Zetasizer Nano ZS90 Malvern Instrument as described by Lason et al. [25] . In brief, EV samples were diluted in PBS to generate suitable scattering intensity. The samples were automatically introduced into the sample chamber. Each sample was analysed in triplicate, and each replicate was measured six times.
Flow cytometry analysis of exosomes-bound dynabeads
Dynabeads Ò magnetic beads were incubated with 25 mg of EVs overnight, then washed by isolation buffer and incubated with PE Goat anti-mouse secondary antibody (Biolegend, 3 ml of antibody in 20 ml of 2% BSA). Secondary antibody incubation alone was used as control. The percentage of positive beads was calculated relative to the total number of beads analysed per sample [26] .
Western blot analysis
The identification of exosomes was also confirmed by measuring expression of exosome-specific markers CD63 by western blot analysis.EVs in PBS were added 1:1 to 2£ RIPA lysis buffer supplemented with protease and phosphatase inhibitor cocktail and PMSF. Western blot samples were then processed as described by Du et al. [27] and Sheller et al. [28] . The following anti-human antibody was used for western blot: exosome marker CD63 (Abcam, Cambridge, MA, USA) diluted 1:500.
Exosome labelling and uptake assay
Exosomes were labelled with PKH26 fluorescent dye using the PKH26 fluorescent cell linker kit [29] . Briefly, exosome pellets and 4 ml PKH26 were suspended in 1 ml diluent C respectively. The exosome suspension was then mixed with the stain solution and incubated for 4-min. The labelling reaction was stopped by adding an equal volume of 1% BSA. Labelled exosomes were ultra-centrifuged at 100,000 g for 70-min, washed with PBS, ultra-centrifuged again and then filtrated through 0.22 mm filter. MCF-7 and MDA-MB-231 cells were then co-cultured with their autologous exosomes, individually. The uptake was observed by a Leica TCS SP8 X confocal microscope (Leica, Germany) as described byMuller et al. [30] and Kim et al. [31] .
Cell counting kit-8 (CCK-8) assay
Cell proliferation was determined by Cell Counting Kit-8 (CCK-8, Dojindo Laboratories), as described by Wang et al. [32] . Briefly, tumour cells were seeded in 96-well plates in triplicate prior to treat with autologous exosomes, respectively. After 24-h treatment, 10 ml of CCK-8 solution was added to each well in the plates, followed by incubation for 2-h. The absorption value was measured at 450 nm and the cell proliferation rate [(%) = [(OD Exo group À OD blank group ) À (OD PBS group À OD blank group )]/ (OD PBS group À OD blank group ) £ 100%] was calculated using the data obtained from the wells [33] .
Transwell migration assay
Migration assay was conducted in 24-well transwell plate as described by Shao et al. [34] . In brief, a total of 0.5 ml DMEM containing 10% FBS was added to the lower chamber at 37°C and 0.2 ml (1 £ 10 6 cells/ml) of cell solution containing 0.05 mg/ml exosomes was seeded into the upper chamber in serum-free culture medium. Cells were incubated for 24-h at 37°C, subsequently fixed with paraformaldehyde, stained using 0.1% crystal violet for 15-min and photographed by Leica DM500 microscope (Leica, Germany). All experiments were performed independently in triplicate.
Matrigel invasion assay
Invasion assay was performed by using the Cultrex Cell Invasion Assay kit (RandD Systems) as described by Yang et al. [35] . Briefly, serum-starved cells in 50 mL serum-free medium with exosomes were placed in the top chamber, the lower chamber was filled with 10% FBS medium. After 24-h incubation, invaded cells on the upper chamber of the membrane were dissociated with cell dissociation solution containing Calcein AM at 37°C for 1-h and then read the bottom plate at 485 nm excitation and 520 nm emission.
Wound-healing assay
For wound-healing assay, cells were plated into six-well plates as described by Jia et al. [36] . Briefly, the cell monolayers were wounded with a pipette tip to draw a gap on the plates. After being treated with tumour-derived exosomes for 24-h, cells migrated into the cleared section were observed by an inverted microscope (Leica, Germany). Image-J software was used to measure the area of scratches before and after incubation. The wound closure percent was calculated: (the scratch area before incubation À the scratch area after incubation)/(the scratch area before incubation) £ 100%.
Immunohistochemical analysis
Cancer tissues and adjacent normal tissues from the patients with ER+ and ERÀ breast cancer were used to detect the expression of Rasal2 by immunohistochemical analysis as described by Du et al. [37] and Yan et al. [38] . Briefly, the slides were incubated with primary antibody referred above (1:200), followed by incubation with horseradish peroxidase-conjugated secondary antibody. Finally, the staining processes were performed with diaminobenzidine colorimetric reagent solution and hematoxylin (Sigma Chemical Co, USA). Images were captured with Aperio Scan-Scope AT Turbo (Aperio, USA). For evaluation of the staining score, intensity was graded from 0-iii (0: no staining; i: weak staining; ii: moderate staining; and iii: strong staining) and the abundance of positive cells was graded from 0 to iv (0: <5% positive cells; i: 5À25% positive cells; ii: 26À50% positive cells; iii: 51À75% positive cells; and iv: >75% positive cells) [39] . The staining score was obtained by multiplying the two values.
Human xenograft assay
To assess the effects of exosomes on tumour growth in vivo, female Balb/c nude mice underwent breast pad injections with 1.5 £ 10 6 MDA-MB-231 cells and MCF-7 cells in 100 mL PBS, respectively [40] . Exosomes (5 mg) were injected into mice in tail vein for 2 times a week continued for two months. Mice were observed for increases in tumour volume to assess tumour growth. Tumour diameters were measured at regular intervals and tumour volumes were calculated as volume = (width) 2 £ length/2.
Ethics statement
Informed consent was acquired from all patients with approval from the Institute Research Ethics Committee of the Fudan University Affiliated Tumour Hospital. All animal care and experimental protocols were performed according to the Animal Management Rules of the Ministry of Health of China, and approved by the Animal Ethics Committees of Fudan University and The Chinese University of Hong Kong.
Statistical analysis
Data were presented as the mean § S.D. and analysed using the Graphpad software (La Jolla, CA, USA). Differences between the means from the groups were determined using Student t-test. P < 0.05 was considered to indicate a statistically significant difference.
Results
The expression of Rasal2 in ER+ and ERÀbreast cancer tissues
We first investigated the expression of Rasal2 in the cancer and adjacent normal tissues of the patients with breast cancers by an immunohistochemical analysis. Rasal2 expression was significantly lower in ER +breast cancer tissues, and higher in ERÀbreast cancer tissues when compared to adjacent normal tissues ( Fig. 1(a) ) and also correlated with ER status in breast cancer specimens ( Supplementary Figure 1) . The findings were consistent with those reported by others [6, 12] .
The expression and roles of Rasal2 in ER+MCF-7 and ERÀMDA-MB-231 breast cancer cells
To find out the effects of Rasal2 KO on the progression of breast cancer in vitro, we first constructed stable Rasal2 KO cell lines in ER +MCF-7 and ERÀMDA-MB-231 cells using a CRISPR Cas9 technique. Western blot analysis showed that there was no expression of Rasal2 in KO cells, however, the expression was recovered again in KO cells transfected with Flag-Rasal2 plasmid, demonstrating the establishment of the constructs (Fig. 1(b) ). We then examined the expression of tumour cell progression-related proteins p-MEK, p-ERK, snail, vimentin and E-cadherin in these two KO cell lines by immunoblot assay. It was found that the expression of p-MEK, p-ERK, vimentin, snail was significantly higher and E-cadherin lower in ER+MCF-7 cells compared to CT cells, while in ERÀMDA-MB-231 cells, the expression of p-MEK, p-ERK, vimentin, snail was significantly lower and E-cadherin higher compared to CT cells (Fig. 1(c) ). Also, we conducted CCK-8 ( Fig. 1(d) ), transwell migration ( Fig. 1(e) ), wound-healing ( Fig. 1(f)À(g) ), and invasion assays ( Fig. 1(h) ) and demonstrated that proliferation ( Fig. 1  (d) ), migration ( Fig. 1(e )À(g)) and invasion rates ( Fig. 1(h) ) in ER+MCF-7 cells were significantly higher, and in ERÀMDA-MB-231 cells lower than those in the corresponding CT cells.
Breast cancer cells secreted extracellular vesicles (EVs)
In order to know whether exosomes could be released by breast cancer cells, we cultured ER+MCF-7 cells and ERÀMDA-MB-231 cells in CM for 24-h, and then isolated EVs (or exosomes) from CM by ultracentrifugation. Transmission electron microscope (TEM) analysis showed that the shape of EVs were spherical ( Fig. 2(a) ), and size were approximately 30À150 nm. Dynamic light scattering identified that the diameters of EVs were about 30À100 nm (Fig. 2  (b) ), which coincided with the results of TEM. The immunoblot analysis demonstrated the positive expression of exosome-specific surface protein marker CD63 in EVs (Fig. 2(c) ). Flow cytometry analysis of exosomes-bound dynabeads also detected CD63+ exosomes ( Fig. 2(d) ).
Rasal2 regulated tumour progression via exosome in vitro
In order to evaluate the role of exosomes in Rasal2-regulated tumour progression, we investigated whether ER+MCF-7 cells can take up exosomes by incubation of the cells with their autologous PKH26-labelled exosomes for 0, 2, 4, 8, 16, 24-h. Observation by confocal microscopy demonstrated that MCF-7 cells can take up exosomes in a time-dependent manner ( Fig. 3(a) ). Also, incubation of ERÀMDA-MB-231 and ER+MCF-7 cells with their autologous PKH26-labelled exosomes for 8-h under different magnifications (20£, 40£, 63£) showed that both ER+MCF-7 and ERÀMDA-MB-231 cells have the ability to take up their autologous exosomes ( Fig. 3(b) ).
Subsequently, we investigated the effects of exosomes isolated from CT (CT-exo) or KO (KO-exo) ER+MCF-7 and ERÀMDA-MB-231 cells on the proliferation, migration and invasion rates of cancer cells. After 24-h incubation of the cells with their autologous CT-exo and KO-exo in different concentrations (0.0125, 0.025, 0.05 mg/mL), CCK-8 assay showed that proliferation rate in all concentrations in KO-exo group was significantly higher than that in CT-exo group in ER+MCF-7 cells and lower than that in CT-exo group in ERÀMDA-MB-231 cells, indicating Rasal2 affected tumour cell proliferation via exosomal secretion in the opposing ways ( Fig. 3(c) ). Transwell migration assay and matrigel invasion assay, by incubation of the cells with their autologous CT-exo and KO-exo (0.05 mg/mL), showed that tumour-derived exosomes induced a significant increase in migration ( Fig. 3(d) À(e)) and invasion rates ( Fig. 3(f) ) in ER+MCF-7 cells, but a reduction in ERÀMDA-MB-231 cells as compared with the corresponding CT-exo group.
Autologous exosomes regulated the growth of MCF-7 and MDA-MB-231 xenograft tumour in vivo
To test whether the effects of exosomes on tumour cells in vitro could be replicated in vivo, the effects of tumour-derived exosomes on tumour growth were assessed in mice xenograft models by injecting 5 mg of exosomal protein derived from ER+MCF-7 or ERÀMDA-MB-231 cells (in a total volume of 100 mL PBS) into nude mice via the tail vein and twice a week for seven weeks. As expected, treatment of ER+MCF-7 xenograft mice with KO-exo significantly enhanced the tumour growth rate at day 35 and after as compared to those treated with CT-exo ( Fig. 4(a) ). On the contrary, treatment of ERÀMDA-MB-231 xenograft mice with KO-exo induced a significant reduction in the tumour growth rate as compared to those treated with CT-exo ( Fig. 4(b) ). Consistently, volume and size of the tumour harvested from ER+MCF-7 xenograft mice treated with KO-exo were significantly larger than those treated with CT-exo ( Fig. 4 (c)À(e)), while those from ERÀMDA-MB-231 xenograft mice were smaller than those treated with CT-exo ( Fig. 4(d )À(f)). 
The phosphorylation of Rasal2 at S237 in PH domain facilitated tumour progression via exosomal secretion
To find out the effects of the phosphorylation of Rasal2 at S237 in PH domain on tumour progression, we constructed A and D mutant to simulate the non-phosphorylation and complete phosphorylation at S237 of Rasal2 in ER+MCF-7 and ERÀMDA-MB-231 cells ( Fig. 5(a) ) and then detected the proliferation rate of these cells by co-culturing the cells with exosomes extracted from CT (CT-exo), WT (WT-exo), S237D (S237D-exo) or S237A (S237A-exo) tumour cells. The S237 domain was selected because in our preliminary study, we found that AMPKmediated phosphorylation of Rasal2 S237 in PH domain enhances the interaction between Rasal2 and Vps34, and promotes the activation of autophagy, thereby affecting the development of breast cancer. It was found that exosomes from S237D mutant significantly increased, whereas exosomes from S237A mutant decreased the proliferation ratein both ER+ and ERÀbreast cancer cells as compared withexosomes from CT and WT tumour cells ( Fig. 5(b) ). The xenograft experiment was then carried out to test whether similar results could also be obtained in vivo. As shown in Fig. 5 (c)À(e), tumour volume and size were significantly larger in both ER+MCF-7 and ERÀMDA-MB-231 xenograft models injected with S237D-exo and smaller in both models injected with S237A-exo than that in both models injected by CT-exo or WT-exo. Correspondingly, the expression of p-Rasal2 (S237D) was found to be significantly higher in tumour tissues lysates of both ER+ and ERÀ xenograft injected with S237D-exo and lower in both models injected by S237A-exo,when compared to both models injected by CTexo or WT-exo ( Fig. 5(f) ).
The expression of p-Rasal2 and PP2Cbin the exosomes derived from ER+ or ERÀbreast cancer cells and cancer tissues, and the exosomes derived from blood of patients with ER+ or ERÀ breast cancer
To further confirm the role of the phosphorylation of Rasal2 at S237 in tumour progression, we measured the expression of Rasal2 and p-Rasal2 (S237) in the lysates of ER+ and ERÀ breast cancer cell and the exosomes isolated from these cells by immunoblot analysis. The results showed that levels of both Rasal2 and p-Rasal2 (S237) in the lysates of ER+MCF-7 cell were much lower than those in the lysates of ERÀMDA-MB-231 cells (Fig. 6(a) and (b) ). However, the expression of Rasal2 was higher and p-Rasal2 (S237) lower in exosomes derived from ER+MCF7 cells, when compared to exosomes derived from ERÀMDA-MB-231 cells (Fig. 6(c) and (d) ). We also purified exosomes from the blood of patients with ER+ and ERÀ breast cancer and examined the expression of Rasal2 and p-Rasal2 (S237). As presented in Fig. 6(e ) and (f), the expression of p-Rasal2 (S237) was lower in the exosomes derived from blood of patients with ER+ breast cancer, and higher in those of patients with ERÀ breast cancer ascompared with normal people. We meanwhile also measured the expression of p-Rasal2 (S237) in tumour tissues and adjacent normal tissues from 20 pairs of patients with ER+ and ERÀ breast cancer by Western blot analysis. Similar results were observed in tumour tissues of patients, showing that ERÀ cancer tissues were more enriched with p-Rasal2 (S237), while less expression was found in ER+ tumour tissuescompared with their adjacent normal tissues ( Fig. 6(g) and (h) ).
In addition, we examined the expression of Type 2 C protein phosphatase b (PP2Cb) in tumour tissues of ER+ and ERÀ xenograft mice with injected 237D-exo and 237A-exo ( Fig. 5(f) ), in the exosomes from blood ( Fig. 6(e ) and (f)) and in the cancer tissues ( Fig. 6(g) and (h)) of patients with ER+ or ERÀ breast cancer. In contrast to the expression of p-Rasal2, the expression of PP2Cb was lower in tumour tissues of ER+ and ERÀxenograft mice with injected 237D-exo and higher in those with injected 237A-exo ( Fig. 5(f) ), and higher in the exosomes from blood ( Fig. 6(e ) and (f)) and cancer tissues ( Fig. 6(g) and (h)) of patients with ER+ breast cancer, and lower in those of patients with ERÀ breast cancer.
Discussion
In the present study, we demonstrated that phosphorylated Rasal2 (p-Rasal2) facilitates tumour growth, progression, and metastasis in both ER+ and ERÀ breast cancers. This conclusion is evidenced by our findings from in vitro and in vivo studies. In our in vitro experiments, treatment of the cells with the exosomes from S237D mutant (complete-phosphorylation) was found to significantly increase, whereas treatment with the exosomes from S237A mutant (non-phosphorylation) was found to decrease the proliferation rate in both ER+ and ERÀ breast cancer cells. In our in vivo investigation, injection with S237D-exo increases, whereas injection with S237A-exo reduces the tumour volume and sizeas well as the expression of p-Rasal2 in the lysates of tumour tissues in both ER+MCF-7 and ERÀMDA-MB-231 xenograft mice.
Our investigations in vitro and in patients also demonstrated that the expression of p-Rasal2 is lower in ER+ and higher in ERÀbreast cancer. Firstly,the levels of p-Rasal2 in both the lysates of ER+MCF-7 cells and the exosomes derived from ER+MCF7 cells were found to be much lower than those in both the lysates of ERÀMDA-MB-231 cells and the exosomes derived from ERÀMDA-MB-231 cells in vitro. Secondly, the expression of p-Rasal2 was shown to be lower in the cancer tissues of patients withER+breast cancer and higher in the cancer tissues of patients with ERÀbreast cancer as compared with their adjacent normal tissues. Finally, the expression p-Rasal2 (S237) was also demonstrated to be lower in the exosomes purified from blood of patients with ER+ breast cancer, and higher in those of patients with ERÀbreast cancer as compared with those in exosomes purified from normal people.
Based on the existence of p-Rasal2 not only in the lysates of ER +MCF-7 and ERÀMDA-MB-231 cells in vitro, in tumour tissues of ER+ and ERÀxenograft mice injected with 237D-exo or 237A-exo in vivo, but also in the exosomes from blood and the cancer tissues of patients with ER+ or ERÀ breast cancer, we concluded that Rasal2 or total Rasal2 includes two different types, p-Rasal2 and non-phosphorylated-Rasal2 (non-p-Rasal2), in both ER+ and ERÀbreast cancers. The former functions as a promoter, while the latter might work as a suppressor in the progression of both ER+ and ERÀbreast cancer.
This indicated that the function of Rasal2 (or total Rasal2) as a promoter or a suppressor in breast cancer progression depends on the ratio of p-Rasal2/non-p-Rasal2, rather than the amount of total MDA-MB-231 cells were injected into nude mice (6 mice/group). After two weeks' inoculation, 5 mg of autologous CT-exo, WT-exo, S237D-exo and S237A-exo were respectively injected into mice in tail vein for two times a week continued for seven weeks and the growth rate of tumours were measured and tumour volumes (mm 3 ) calculated on each of the indicated days after inoculation, each point representing the mean calculated volume of six tumours; (d) tumour volumes were measured after nine weeks inoculation. Data are presented as the mean § S.D. (n = =6). **p < 0.01,***p < 0.001; vs. CT-exo, WT-exo or S237D-exo(t-test, two-tailed); (e) the size of tumours; (f) the expression of Rasal2, P-Rasal2 (S237) and PP2Cb by immunoblot analysis in the lysates of mice xenograft tumour tissues.
Rasal2. In other words, the ratio of p-Rasal2/non-p-Rasal2 is the major factor determining the function of Rasal2 (or total Rasal2) in different types of breast cancers. In the present study, we demonstrated that the ratio of p-Rasal2/non-p-Rasal2 in ER+ (<1) is much lower than that in ERÀ (>1) breast cancers. This likely is one of the causes for why Rasal2 (or total Rasal2) has diametrical effects, functioning as a suppressor in ER+ breast cancers and a promoter in ERÀbreast cancers. Therefore, the ratio of p-Rasal2/non-p-Rasal2 may be able to be considered as an indicator or predictor of cancer development and disease outcomes in both ER+ and ERÀ breast cancers.
To find out the potential mechanisms involved in the control of p-Rasal2 expression, we examined the expression of Type 2 C protein phosphatase b (PP2Cb) as well as p-Rasal2 in tumour tissues of ER+ and ERÀxenograft mice injected 237D-exo or 237A-exo, and in the exosomes from blood and cancer tissues of patients with ER+ or ERÀbreast cancer. PP2Cb is a dephosphorylase and is also known as PPM1B [PP (protein phosphatase), Mg(2+)/Mn(2+) dependent, 1B] [15, 41, 42] . We demonstrated that the expression of PP2Cb is negatively correlated with that of p-Rasal2 (S237) not only in tumour tissues of ER+ and ERÀxenograft mice injected 237D-exo or 237A-exo, but also in the exosomes from blood and the cancer tissues of patients with ER+ or ERÀ breast cancer. This indicated that PP2Cb might be one of the factors controlling the phosphorylation of Rasal2 in breast cancer tissues. Increasing the activity of dephosphorylase by promoting the expression of PP2Cb as a target may be useful as a therapy to restrain breast cancer progression. In the present study, we also show that both ER+MCF-7 cells and ERÀMDA-MB-231 cells have the ability to release extracellular vesicles or exosomes by transmission electron microscope (TEM) and flow cytometry analysis, and to take up their autologous exosomes in a time-dependent manner by using fluorescent lipid membrane dyes PKH26. Furthermore, we discovered that the exosomes isolated from tumour cells with KO-exo can up-regulate proliferation, migration and invasion rates in ER+MCF-7 cells and down-regulate these rates in ERÀMDA-MB-231 cells, inCCK-8, transwell migration, matrigel and invasion assays in vitro, as well as enhance tumour growth rate, tumour volume and size in ER+MCF-7 xenograft mice with KO-exo and reduce these indexes in ERÀMDA-MB-231 xenograft mice with KO-exo in vivo. These findings imply that the effects of Rasal2 (or total Rasal2) on tumour growth, progression, and metastasis are mediated by an exosome-transport process.
Many different cell types including cancer cells release exosomes not only into the cancer microenvironment but also into the circulation [43, 44] . Cancer-derived exosomes can mediate directional tumour metastasis [45] . Exosomes are involved in intercellular signalling, both by membrane fusion to recipient cells with deposition of exosomal contents into the cytoplasm and by the binding of recipient cell membrane receptors [46] . Therefore, our findings imply that in ER+ and ERÀbreast cancers,p-Rasal2 and non-p-Rasal2 are both encapsulated into exosomes in the cancer cells and then secreted into interstitial fluid (or the blood) by these cells. The exosomes were taken up by the target or recipient cells (neighbouring or distant cells) via the membrane-fusion, phagocytosis or receptor-ligand interactions, where afterp-Rasal2 and non-p-Rasal2 are released from the exosomes and play their functions to facilitate or inhibit the development of proliferation, migration and invasion in target or recipient cells (Fig. 7) .
In summary, we demonstrated for the first time that the phosphorylation of Rasal2 at S237 in PH domain facilitates tumour progression. Our findings also support that the ratio of p-Rasal2/nonp-Rasal2 is the major factor determining the function of Rasal2 (or total Rasal2) as a promoter or suppressor in different types of breast cancers and that PP2Cb might be one of the factors controlling the phosphorylation of Rasal2 in breast cancer tissues. We also provide evidence that the functions of Rasal2 (or total Rasal2) in the modulation of breast cancer progression are exosome-mediated. Targeting the phosphorylation of Rasal2 machinery may therefore be useful as a therapy to restrain breast cancer progression by reducing the ratio of p-Rasal2/non-p-Rasal2, especially in ERÀbreast cancers.
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